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Abstract: Field results from a man-portabie electro-
magnetic induclion sounding insrument, with speciai
plug-in dota processing modules for the remote
mecsurement of sea ice thickness, are discussed. The
field trials indicate thal the instrument was capable of
gstimating undeformed sea ice thickness, with a snow
cover, generally within about 5% of the drill hole

measured thicknesses from about 1.25 fo 4.5 m. No
ice under 1.25 m was sounded in this study. Insfrument
thickness determinalions of multiyear sea ice over
about 4.5 m thick showed larger devigtion from the
drill hole snow and ice thickness measurement. It is
r nsed that the undulating multiyear sea ice relief is
. ajor cause of the EM deviation.
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Electromagnetic Induction Sounding
of Sea Ice Thickness

AUSTIN KOVACS, DEBORAH DIEMAND,
AND JOUIN J. BAYER, JR.

INTRODUCTION

In a 1990 field study, a hand-held electromag-
netic induction sounding instrument with a spe-
cial plug-in data processing module for the re-
mote measurement of sea ice thickness was
evaluated (Kovaces and Morey 1992). The proces-
sor module, used to convert the measured sce-
ondary electromagnetic field in-phase and quadra-
ture phase response to an ice thickness, was found
to be defective. The electromagnetic instrument
(EMI)} would not work after a short period at
temperatures below 10°C. Indications were that
the source of the problem was battery-related.

The EMI was then used without the processor
module. In this operation, the instrument was
used to measure an apparent conductivity as a
function of instrument stondoff distance above
the scawater. The results showed that a good cor-
relation existed between the EMI-determined con-
ductivity reading and the sea ice thickness. This
led to the conclusion that a simple graph or lookup
table could be used to estimate sea ice thickness
from the conductivity reading. In short, the tech-
nically elaboraw processor module built by Flow
Rescarch, Ine. (Echert 1986 and Echert et al, 1989)
was overly sophisticated for the measurement of
nndeformed seaice thickness. This conclusion was
based on the knowledge that the seawater under
winter Arctic pack ice has a refatively uniform
conductivity of about 2.5 S/m and an overriding
influence on the conductivity determined by the
EML In addition, because undeformed sea ice is
relatively resistive, it does not have a significant
mfluence on the EMI's conductivity measurement
(Kovacs and Morey 1992).

This report gives an assessment of a new
Geonics processor module for determining sea

ice thickness, based upon the above findings, as
well as a second field trial of the Flow Research
processor module,

INSTRUMENTATION

The primary sensor is the 9-kg man-portable
Geonics Ltd., EI-31-D electromagnetic induction
souncung system (Fig, 1), This device is designed
to measure the magnitude of the in-phase and
quadrature components of the secondary clectro-
magnetic fic'1 induced in the ground by the
instrument’s ¥.8-kHz transmitted (primary) elec-
tromagnetic field (Geonics Ltd. 1984). Since sea
ice is relatively transparent at this frequency, the
response measured by the instrument is a strong
function of its height above and the conductivity
of the scawater. Therefore, an accurate measure-
ment of the secondary electromagnetic field re-
sponse and a full solution analysis of the data

P R T
Figure 1. EMI instrument shown resting on
lead ice as wused in this study.




using the numerical procedure of Anderson (1979)
should give a good estimate of the instrument-
seawater distance, or the sea-ice thickness, when
the EMI is resting on the ice.

The Flow Research ice processor module was
designed to use the multilayer analysis of Ander-
son (1979), as provided in the Geonics program
PCLOOP, and an interpolation algorithm (Echert
1986). Kovacs and Morey (1991) state

This approach assumes that the in-phase ard
quadrature components of the received magnetic
field are unique to specific sea ice thickness and ice
and scawater conductivities, The Flow Rescarch
lovkup table was developed using 10 mS/m for the
bulk conduictivity of the sea ice, a scawaler conduc-
tivity range from 2 to 3 S/m in 0.25-5/m incre-

ents, and a sea ice thickness range from 0.25 to 6.0

v in 0.25-m increments. The ice thickness displayed

is an interpolation between the tabulated data and

the measured EM-31 response.

The new plug-in ice thickness processor mod-
ule for the EM-31 was designed and built by
Geonies, Ltd. Provisions were incorporated in the
module to allow for the unit’s output to be ve-
corded at a portable computer stationed up to 30
m away or to a small field-portable data recorder.
This provision allows for the continuous record-
ing of ice thickness along a survey route when the
EMI instrument is towed over the ice on a sled or
suspended from a boom off the side of a ship.

The new ice processor module was based upon
the 1990 field results, which showed a good cor-
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Figure 2. EMI-determined conductivity vs. instrument
heigitt above the seawater (from Kovacs und Morey
1992) 3, = seawater conductivity.

relation between the EMI-determined conductiv-
ity reading and the instrument height above the
scawater, as shown in Figure 2. Because the sea-
water conductivily under /rctic pack ice does
not vary significantly from about 2 5 S/m during
the winter, it becaine clear that a simple plug-in
processor module for the EMI could be devel-
oped for estimating sea ice thickness. This mod-
ule would contain a programuned lookup table
listing the apparent conductivity vs. EMI height
above the seawater, when the instrument is rest-
ing on ice. These lookup table values would be
determined using the PCLOOP Program, a bulk
sea ice conductivity of 10 mS/m and a scawaler
conductivity of 2.5 §/m. A digital display would
be provided on the module. After the EMI was
turned on and a conductivity measurement was
made, this value would be cross-correlated with
an instrument height in the lookup table, which
in turn would then be displayed. Only one push
button would be required to activate the instru-
ment for an ice thickness measurement. After fur-
ther consideration, it was decided to expand the
lookup table to allow for a scawater conductivity
range from 2 to 3 8/m. This range would be di-
vided in increments of 0.1 5/m and required a
second push button to input the appropriate sea-
water conductivity. This two-button device would
be a very simple ice measurement module to op-
crate, and the rigorous procedure needed to cali-
brate the Flow Rescarch ice thickness processor
module (Lichert et al. 1989) would thus be avoided.

‘The capability 1o change the seawater conduc-
tivity would allow the Geonies processor module
to be adjusted for unusual scawater salinity con-
ditions. [f the operator had reason to believe that
the scawater conductivity was not 2.5 5/m, and a
conductivity bridge was not on hand to make this
measurement, he/she could proceed as follows.
A drill bole ice thickness measurement would be
made. Then, with the EMI resting on the ice, an
ice thickness measurement would be made with
the ice processor module. The first measurement
could be made with the seawater conductivily sct
at 2.2 5/m, a second at 2.3 S/m, and so on until
the wumerically displayed ice thickness on the
processor unit agreed with the drill hole mea-
sured value. From this assessment, a measure of
the seawater conductivity would be obtained, and
the instrament would be calibrated for this loca-
tion, It should be of interest to note that a scawa-
ter conductivity error of #0.2 S/m has a very
small effect 1<5%) on the estimated ice thickness
(Kovacs and Morey 1992).
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TEST RESULTS

Fhe FME ST DY st the Bvo processar anits,
was tested on the pack we north of Alaska (Cross
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veloped with use of the Flow Researde processor
module Atter bemg removed brom the warm he
Beopter. thus unit would soon stop operatig,. Re
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peralures of 15 1o 25 Chwere ol noav il

When the Flow Rescarch unil wwas returned (o
CRREFL, i was disassembied and the electreal
components relested. No faulty components were
lound. Nevertheless, when the vt was placed
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Phe Geonnes prrocessor moduale was shipped
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manulacburer s cngmeer over the phones fue
probleneewere wentitied N resistor and anom
contecboahibabien sething necded o be changed
One e changes woere mades the Geopnes prro
coevsor modube vorked at teld Temperatoes as
[ a2t

COwver 3on P wonmdges were made Tl
Pt vear and mualtovear we Noal ol the oo
s woere pade at dations o ated ot o miter
valsalome a1 ki Tong surves Tine estebb-hed tog
another porpose b b NCeach atalion e o
andd ee ek nesesowere deteronned by dhond hole
mcastrement st yvear [m-wlm'llnhzl‘n W oot
cotnded because o he ehectamagnetie eld s
Tortion thal oco o the ceaawader e block kel
“hracture Three distortione cannot be properly
covmied for A raptchames o e thi ke sirch
e ab the trancatien ol ok e to thon Jead e,
swereabay ol ounded Bec e o the cleciomag
et el e b that orcnre ol e
Lraneatian.

N condoe vty ane? e e brneses it

ment s ene meede pacabel and porpendioadan to




LS | PR S ¥

Frgioe L Aerad cweae of - Lab ke fonee surecy line The
dneodends ool tiveae sedice e foregronnd o
S bt sedowe an e backgrognd - he dark spot o the
viglit e erzey e s Hie shadowe of Hie Tielicopler
Bent e chothe phiofo s Lihen

L00 ' '

. _ ay -
" I

€780 + 10050,
0995
St by 70

the survey line. The conductivity measurements
areshownin Figure 5 The regression curve shown
passing through the data indicates that the con-
ductivity normal and parallel 1o the line has a
slight bias. This bias indicates that the ice was
slightly thicker parallel to the line. The EMI con-
ductivity readings vs, ice thickness are shown in
Figure 6. As expected, these results show an ex-
ponential deerease in conductivity with increas-
ing we thickness, The slope of the curve passing
through the data becones rataer small beyond
about 5 m, suppesting that the instrument’s reli-
able sounding limit has been reached.

The EMIth.ckness determinctions made paral-
lebva perpendicular to the survey line are shown
in Figure 7. As expected trom the conductivity
neasurements, the ce thickness results indicate
thai the ice parallel to the line was about 223 e
ticker than perpendicalar to the line, However,
no dall hole measurements woere made to con-
frm tius appareat thichness varation. Possibly
the snwall conductivity and therefore ice thickness
varbion were cansed by oace stracture etteds,
Kovacs and NMorey (1978) showed that currents
ander the Beautort Sea pack iee induce selective
e plitelet groacth m which the c-anas ol the sea
wecrystals become atigned wath the current. s
Imding was verified mean extensive field study
by Weeks and Gow (1979) The sipgnibicance o
this alignment is that 1t renduers the wee anisotro
proand thus attects the electromapnetic (ko acs
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Figure 6. On surface LMI conductivity measurement vs. drill hole mieasured

snow plus ice thickness.
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Figure 7. Comparison of the EMI snow and ice thickness measurements made
parallel vs, perpendicular to the survey line.

and Morey 1978, 1979; Morey et al. 1984) and
mechanical (Payton 1966, Wang 1979, Timco and
Fredorking 1990, Kovacs 1993) properties of the
ice.

The bottommost 0.2-m portion of the ice sheet
causes the largest change in the sea ice clectro-
magnetic properties. Here the entrapped brine,
which governs the ice conductivity, increases ex-
ponentially with depth. The brine inclusions re-

side between the vertical basal plane of the nu-
merous fresh ice platelets that make up the sea ice
arystal siructure as depicted (Fig. 8). When the ¢-
axes of the ice crystals are all aligned, then the
brine inclusions reside in parallel rows. Radar
reflection measurement has shown that when the
antenna E-field is aligned parallel with the pre-
ferred horizontal c-axis direction of the ice crys-
tals at the bottomn of the ice sheet, maximum ve-
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Hected encrgy from the ice bottom s recorded.
However, when the antenna is oriented perpen-
dicular to the preferred c-axis direction, the re-
Hlected energy was sigmiticantiy reduced or elimi-
naled (Kovaes and Morey 1979).

Ihe ordered jce platelet structure at the bot-
tom ot the thick (-0.5 m) sca ice has been shown

to be an effective polarizer of traverse UHF and
VHF electromagnetic waves. This ice structure
may have been the reason for the conductivity
anisotropy noted in Figure 5 and the related ice
tiickness offset shown in Figure 9. Nine conduc-
tivity measurements were made on new lead ice
with the EMI's b -om aligned paralle! and then
perpendicular to the preferred sea-ice c-axis crys-
tal direction, and two mreasurements were made
at ~45° to the preferred c-axis alignment, as deter-
mined from ice core samples. The conductivity
measurements, without gain correction, are listed
in Table 1. The data clearly indicate a strong con-
ductivity anisotropy at this location when the EMI
was rotated on the ice. But, when “he instrumoent
was elevated T m above the ice surface at sites 2
and 3 and the measurements repeated, the con-
ductivity anisotropy was not discernible. While
this field program was not intended to explore
sea ice anisotropy using the EMI, the limited field
measurements do suggest that the sea ice struc-
ture may have affected the apparent ice conduc-
tivity measurements and therefore the ice thick-
ness estimate. Furtber study should resolve this
irsue.

A one-to-one curve was passed through the
data presented in Figure 9 along with £5% devia-
tion limits as shown in Figure 10, As may be
inferred from Figure 10, the EMI ice thickness
determination for the most part fell within the 5%
variation of the dritl hole measured snow and ice
thickness measurements up to about 4.5 m. Above
4.5 m the undulating ice refief and therefore the
‘ce thickness in the area of the drill hole probably
adversely affected e correlation between the EMI
and drill hole measurements,

Table 1. Apparent conductivity vs. EMI boom
alignment with the preferred c-axis alignment.

Conduchiily (mS/m)

Inckness® Boom Buom Hoom
Site tm) parallel  perpendicidar o s
1 a4qn 388 8/hH 840
2 [BICH 870 8RO
A 43 B74 893
| 045 Rt A74
5 1045 K70 BRQ
f 145 861 875
7 048 A0 Hot) KR
N 1da K10 KR5S
4 147 hitht RER

Dl hole measured snovw and e thichness
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Figure 10, A one-to-one lincar curve drawn through the

duta shown in Figure 9. Also shown is the £5% wvart-
3

ance for the curoe.

DISCUSSION

From the results presented in this report, con-
ductivity measurements made with a man-
portable EMI can apparently ke used te estimate
Arctic sea ico thickness. This is based on field
conductivity measurcments that were found to
systematically decrease with increasing ice thick-
aess. The data indicate that the conductivity read-
ings can be used w estimate sea ice thickness us-
ing a simple lookup table or a graph. An EMI
plug-in processor module may also be used to
convert the measured conductivity directly into a
numerically displayed ice thickness. The ice thick-
ness estimates obtained with the use of the EMI
were found to be i good agreement with the drill
hole measurements, For sea ice from about 1.5 to
4.5 m thick, the «leviation between the EMI instra -
ment estimated and the drill hole measured ice
thickness was on the order of 5%,

At the 12th International Conferenve on Port
and Ocean Engineering Under Arctic Conditions,
held in Hamburg, Germany, during 17-20 Au-
gust 1993, S, Gerland and C. Hass of the Alfred
Wegener Institute for Polar and Marine Research
presented a poster display of the EM-31 conduc-
tivity measurements they made on sea ice. They
too found good correlatinn between EM-31 con-
ductivity reading and the drill hole measured ice
thickness in areas of nonridged sca ice. However,
their EM-31 instrument was {ound to be tempera-
ture sensitive. In their test, the conductivity read-
ing drifted to lower values as the instrument

cooled from 1oom temperature to the <40°C out-
side temperature. After cold soaking the instru-
ment for 30 minutes, Gerland and Hass de-
termined that the conductivity reading had
apparently decreased to where the estimated ice
thickness was about 5% too low. After an hour of
cold soaking, instrument drift was no longer of
significance. It was determined that the drift was
largely due to cooling the antenna coils. Out field
measurements were made at much warmer tem-
peratures and after the EM-31 had been outside
for well over an hour before being used. While
the results of Gerland and Hass are instructive,
their findings are not unexpected.

The EM-31 operator’s manual (Geonics 1984)
states that “the EM-31 is temperature compen-
sated and set to read correctly, but due to its high
sensitivity, fine adjustment cf the instrument gain
in the field may be helpful, particularly in the
case of the large changes in ambient tenipera-
ture.” In short, the instrument should not be used
until it has thermally st ibilized, and a calibration
adjustment may also be in order if a large tem-
perature change has occurred.

In the EM-31 ice thickness module progrant, a
Lulk value of 10 mS/m was uscd for the conduc-
tivity of the sea ice or the combined snow and sca
ice layer. Slight variations n this bulk value will
not significantly affect the EMI's determined snow
and ice thickness, but estimated snow and ice
thickness will be in error where the snow load
has depressed the sea ice below sea level and a
portion of the snow is now saturated with highly
conductive seawater. The same would be true for
rafted ice sheets separated by ice blocks or slush
ice. In this sttuation, the layer of seawater or high
conductivity slush layer between the ice sheels is
not accounted for by the ice thickness module
program and the thickness estimate will be in
¢rror.
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